We isolated two genes for extracellular ,B-glucosidase, BGLI and BGL2, from the genomic library of the yeast Saccharomycopsis fibuligera. Gene products (BGLI and BGLII) were purified from the culture fluids of Saccharomyces cerevisiae transformed with BGLI and BGL2, respectively. Molecular weights of BGLI and BGLII were estimated to be 220,000 and 200,000 by polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate. The two j-glucosidases showed the same enzymatic characteristics, such as thermodenaturation kinetics and dependencies on pH and temperature, but quite different substrate specificities: BGLI hydrolyzed cellobiose efficiently, but BGLII did not. This result is consistent with the observation that the S. cerevisiae transformant carrying BGLI fermented cellobiose to ethanol but the transformant carrying BGL2 did not. Southern blot analysis revealed that the two ,B-glucosidase genes were derived from Saccharomycopsisfibuligera and that the nucleotide sequences of the two genes are closely related. The complete nucleotide sequences of the two genes were determined. BGLI and BGL2 encode 876-and 880-amino-acid proteins which were shown to be highly similar to each other. The putative precursors begin with hydrophobic segments that presumably act as signal sequences for secretion. Amino acid analysis of the purified proteins confirmed that BGLI and BGL2 encode BGLI and BGLII, respectively.
, and the BamHI-Sau3A boundary (B/Sau) are indicated. The yeast transformants carrying each of the plasmids shown were cultured in YEPD. Culture fluids were assayed for ,B-glucosidase activities with cellobiose and PNPG as substrates. Symbols: +, activities were detected; -, no detectable activities were found. kb, Kilobases. phenyl-p-D-glucoside (PNPG) and histidine. Bacterial media were described previously (2) .
Preparation of DNA and other genetic methods, Plasmid and chromosomal DNAs were prepared as described previously (15) . Transformation of yeast and E. coli cells and Southern blot analyses were performed as described previ- ously (15) . Recombinant plasmid DNA from the Saccharomycopsisfibuligera genomic library, which had been constructed by using pYI1 as a vector DNA (15) , was used. Plasmid pYIl carries ampicillin and tetracycline resistance genes for E. coli and also LEU2, URA3, and a replication origin of 2 jim of DNA for S. cerevisiae. Assay for j8-glucosidase activity. The reaction mixture (final volume, 50 ,ul) contained 4 mM substrate (as described for each experiment), 60 mM Mcllvaine buffer (pH 5.0), and the enzyme solution. The reaction mixture was incubated at 30°C. The reaction was stopped, and optical density was determined by one of two methods: (i) for measurement of p-nitrophenol, 0.5 ml of 0.25 M Na2CO3 was added to the reaction mixture, and optical density at 400 nm was determined; (ii) for measurement of glucose liberated from the substrate, the reaction mixture was boiled for 1 min and then cooled on ice. Glucose was determined with a Gluo-statt assay kit as recommended by the supplier (Fujisawa Yakuhin Kogyo Co., Osaka, Japan). Determination of molecular weight. Molecular weights were determined by 10% polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate (SDS-PAGE) by the method of Laemmli (8) . The gel was stained for protein with Coomassie brilliant blue R-250. A calibration curve was made with erythrocyte membrane proteins.
Purification of ,-glucosidase. S. cerevisiae transformants carrying either BGLI or BGL2 were cultured in YEPC or YEPD, respectively, at 28°C for 4 days with shaking at 250 rpm on a G10 Gyrotory shaker (New Brunswick Scientific Co., Inc., Edison, N.J.) in four 5-liter Erlenmeyer flasks, each containing 1 liter of medium.
Culture fluid was obtained by centrifugation at 5,000 rpm for 10 min and concentrated fivefold by using a rotary evaporator at room temperature. The solution was brought to 80% saturation by addition of solid ammonium sulfate and left overnight at 4°C. Precipitates were collected by centrifugation. Precipitates remaining in the supernatant were collected by vacuum filtration through a thick bed of Standard Super-Cel (Nakarai Chemicals, Kyoto, Japan) over Toyo no. 2 filter paper (Toyo Roshi Co., Tokyo, Japan) on a Buchner funnel. Both precipitates were dissolved in 10 mM Tris hydrochloride buffer (T buffer), pH 7.0, and dialyzed for 2 days against the same buffer.
Acetone at -20°C was added to the dialyzed solution to a final concentration of 50% (vol/vol). The precipitate was collected by centrifugation, dissolved in T buffer, and dialyzed overnight against the same buffer. The dialyzed solution was applied to a DEAE-Sephadex A-S0 column (1.5 by 11.4 cm) equilibrated with T buffer. After the column was washed with T buffer, the enzyme was eluted with a linear gradient of NaCl (0.0 to 1.0 M) in T buffer. Active fractions were collected, concentrated in a dialysis tube with powder of polyvinylpyrrolidone K-90, and dialyzed overnight against T buffer. NaCl and glycerol were added to the dialyzed solution to final concentrations of 0.1 M and 10% (vol/vol), respectively. The solution was applied to a Sepharose 6B column (1.5 by 71.6 cm) equilibrated with T buffer containing 0.1 M NaCI. The enzyme was eluted with the same buffer, and the active fractions were collected and concentrated with polyvinylpyrrolidone K-90. The purified enzyme was dialyzed overnight against T buffer.
Amino acid analysis. Amino-terminal sequences of the purified ,-glucosidases were determined with an automated protein sequencer (Applied Biosystems, Foster City, Calif.). Amino acid compositions were determined with an amino acid analyzer (Japan Electronic Co.) after hydrolysis of proteins at 110°C for 22 h in 6 N HCI containing 1% thioglycolic acid.
DNA sequence analysis. DNA was sequenced from M13 subclones by the dideoxy chain termination method of Sanger et al. (11) .
RESULTS
Cloning of the Saccharomycopsis fibuligera 13-glucosidase genes. Recombinant plasmid DNA from the Saccharomycopsis fibuligera genomic library was used to transform S. cerevisiae YIY345 (1eu2 ura3) to leucine and uracil prototrophy. Transformants carrying a plasmid capable of producing P-glucosidase activity were then selected by their ability to form yellow halos around colonies on the selection plates containing PNPG (the substrate for ,B-glucosidase). Several halo-forming transformants thus obtained were subcultured to single colonies on YEPD (rich) agar to allow other plasmids present in the transformant to segregate out. From the resulting halo-forming clones, the plasmids were recovered and then transformed again to bacteria by transformation to ampicillin resistance. Recombinant plasmids were purified from bacterial cultures and used to transform the yeast recipient strain (YIY345) to Leu+ Ura+. The plasmids transforming the yeast cells to halo forming were selected and identified as plasmids carrying putative ,-glucosidase genes. We thus obtained two plasmid DNAs (pSfCB1 and pSf3G1). Restriction maps of the cloned DNAs are shown in Fig. 1 (Table 2 ). Molecular weights of BGLI and BGLII were estimated to be 220,000 and 200,000 by SDS-PAGE (Fig. 2) . The two ,-glucosidases showed the same enzymatic characteristics, such as dependencies on pH ( Fig. 3a) and temper- FIG. 5. Southern blot analyses of genomic DNAs from Saccharomycopsis fibuligera (Sf) and S. cerevisiae (Sc). Genomic DNAs were prepared, digested with PstI, and processed for hybridization with probe S (Fig. 1) . kb, Kilobases.
thick lines in Fig. 1 ) showed similar restriction patterns, such as the sites for KpnI, BstEII, and EcoRV. Southern blot analyses were performed to examine whether DNA sequences of the two essential regions showed homology to each other (Fig. 4) . Three fragments (designated A, B, and C) derived from the BGLI-encoding sequence were subcloned and used as hybridization probes. Plasmids pSfCB1 and pSfpG1 were digested with three combinations of restriction enzymes (KpnI plus BstEII, BstEII plus EcoRV, and EcoRV plus EcoRI) and probed with the subcloned A, B, and C fragments, respectively. Analyses revealed that the corresponding DNA fragments derived from BGLI-and BGLII-encoding sequences were highly homologous with each other.
We also performed Southern blot analyses to determine whether the two 3-glucosidase genes were derived from the genomic DNA of Saccharomycopsis fibuligera (Fig. 5) . Chromosomal DNA of Saccharomycopsis fibuligera was digested with PstI and probed with a subcloned fragment (S in Fig. 1 ) of pSfCB1. The data showed hybridizations of 1.8-, 1.6-, 1.25-, and 0.8-kilobase fragments derived from the BGLI-encoding sequence and of 6.4-and 1.25-kilobase fragments derived from the BGLII-encoding sequence, confirming that the two 3-glucosidase genes were derived from Saccharomycopsis fibuligera. A 5-kilobase band could be derived from a 5' portion of BGLJ. Chromosomal DNA of S. cerevisiae was also processed for hybridization, and no hybridized fragments were detected.
Nucleotide and deduced amino acid sequences of BGLI and BGL2. Nucleotide and deduced protein sequences of BGLI and BGL2 are shown in Fig. 6 . BGLI and BGL2 encode proteins of 876 and 880 amino acid residues with molecular weights of 96,200 and 96,800, respectively. The molecular weights of mature and secreted ,B-glucosidases (BGLI and BGLII) were found to be 220,000 and 200,000, respectively (Fig. 2) , which suggests that a large part of the molecular weights may be contributed by carbohydrate; the deduced proteins encoded by BGLJ and BGL2 contain 16 and 12 potential N-glycosylation sites (Asn-X-Thr or Ser; asparagine residues are circled in Fig. 7) . The deduced protein sequences were found to be highly similar to each other; about 83% of amino acid residues were identical (Fig.  7) .
Amino acid analyses of BGLI and BGLII. The aminoterminal sequences of BGLI and BGLII, which were purified from culture fluids of the S. cerevisiae transformants, were determined by Edman degradation. The sequences NH2-Val-Pro-Ile-Gln-X-Tyr-X-Gln-Ser-Pro-Ser-Gln-X-Asp-GluSer-Ser and NH2-Leu-Pro-Val-Gln-Thr-His-Asn-Leu-ThrAsp-Asn-Gln-Gly-Phe-Asp-Glu-Glu-Ser-Ser were obtained for BGLI and BGLII, respectively. These peptides were identical to those predicted from the DNA sequences (underlined in Fig. 6 ). Amino acid compositions of the purified proteins matched those predicted (data not shown). The correlation between DNA and protein sequences confirmed that BGLI and BGL2 are the structural genes for BGLI and BGLII and showed that both precursors contain aminoterminal extensions of 17 amino acids that are probably cleaved during export of the proteins. The leader sequences resemble signal sequences found in a wide variety of secretory protein precursors.
DISCUSSION
Construction of cellobiose-fermenting S. cerevisiae. The structural gene for P-glucosidase is present in S. cerevisiae (3), but it is very poorly expressed (10). Furthermore, this organism does not have a permease for cellobiose (10) . These properties could explain why S. cerevisiae is unable to ferment cellobiose. The simplest strategy for constructing cellobiose-fermenting S. cerevisiae is to clone and express a gene for a secretable cellobiase. Several of the ,B-glucosidase genes thus far cloned failed to confer cellobiose-fermenting ability on S. cerevisiae, since their gene products were either not secreted or unable to hydrolyze cellobiose (7, 9, 10) .
We isolated the gene for extracellular cellobiase and constructed, by introducing the gene, an S. cerevisiae strain capable of fermenting cellobiose to ethanol. However, ethanol production by this transformant was very low, mainly because the recipient used was a laboratory strain. Further studies should be done on introduction of the gene into industrial strains.
Polymorphic ,-glucosidases with different substrate specificities. It was shown by Southern blot analysis that the two genes for extracellular 3-glucosidases cloned in this study exist in the genome of Saccharomycopsisfibuligera. One, as described above, encodes the 3-glucosidase which is capable of hydrolyzing cellobiose, and another apparently encodes aryl or alkyl 3-glucosidase. To our knowledge, this is the first report showing that polymorphic ,B-glucosidases with highly similar sequences possess quite different substrate specificities. Figure 7 shows the best-fit alignment of three amino acid sequences from Saccharomycopsis fibuligera (this work) and C. pelliculosa. These proteins share several homologous peptides (boxed in Fig. 7 ) which are likely to be essential for enzymatic activities. Although BGLI and BGLII are highly homologous with each other, they also contain several nonhomologous peptides (underlined in Fig. 7) , some of which may function in specific enzymatic actions so as to determine substrate specificities.
On the basis of studies of the chemical modification of the fungal P-glucosidase (1) , the aspartic acid residue in the peptide NH2-Val-Met-Ser-Asp-Trp-Ala-Ala-His-His-AlaGly-Val-Ser-Gly-Ala-Leu is proposed to be essential for enzymatic activities. We found similar peptides in both BGLI and BGLII (asterisks in Fig. 7) . To Sequence homologies among yeast P-glucosidases. Amino acid sequences deduced from the following P-glucosidase genes were aligned to maximize the homologies: Saccharomycopsis fibuligera BGLI (Sfl); Saccharomycopsis fibuligera BGL2 (SfII); and Candida pelliculosa P-glucosidase gene (Cp) (7) . Symbols: -, residue is identical to that shown for Saccharomycopsis fibuligera BGLI; El, highly conserved region; 0, potential N-glycosylation site; V, possible signal sequence cleavage site; *, conserved peptide including the active-site aspartic acid residue. Underlined 
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